Extending the Standard Model with higher-dimensional operators in an effective-fieldtheory (EFT) approach provides a systematic framework to study new-physics (NP) effects from a bottom-up perspective, as long as the NP scale is sufficiently large compared to the energies probed in the experimental observables. However, when taking into account the different quark and lepton flavours, the number of free parameters increases dramatically, which makes generic studies of the NP flavour structure infeasible. In this paper, we address this issue in view of the recently observed "flavour anomalies" in B-meson decays, which we take as a motivation to develop a general framework that allows us to systematically reduce the number of flavour parameters in the EFT. This framework can be easily used in global fits to flavour observables at Belle II and LHCb as well as in analyses of flavour-dependent collider signatures at the LHC. Our formalism represents an extension of the well-known minimal-flavour-violation approach, and uses Froggatt-Nielsen charges to define the flavour power-counting. As a relevant illustration of the formalism, we apply it to the flavour structures which could be induced by a U 1 vector leptoquark, which represents one of the possible explanations for the recent hints of flavour non-universality in semileptonic B-decays. We study the phenomenological viability of this specific framework performing a fit to low-energy flavour observables.
Introduction
The discovery of the Higgs boson and the scrutiny of physics close to the TeV scale -so far without direct new physics (NP) detection -provide strong evidence that the Standard Model (SM) is the right description of the fundamental interactions at the energies probed so far in collider-based experiments. Despite this, there are strong indications that the SM cannot be complete. In order to explore physics beyond the SM it is convenient to regard the SM Lagrangian as the leading term of an effective field theory (EFT) expansion, with corrections suppressed by inverse powers of the NP scale(s) [1, 2] . The main advantage of such an EFT description is that it provides a general and systematic parametrisation of NP effects and thus enables a thorough scanning of the possible deviations from the SM. If NP is assumed to be weakly coupled, the relevant EFT is commonly referred to as Standard Model Effective Field Theory (SMEFT).
The origin of the different quark and lepton flavour species and an understanding of the hierarchical structure of flavour masses and couplings is one of the long-standing problems onto which NP should shed light. The SM provides the most general parametrisation of the flavour sector compatible with gauge symmetry, which turns out to be phenomenologically very successful. However, this requirement is not very constraining and the Yukawa sector turns out to be responsible for most of the parameters of the SM. The situation gets considerably worse when one works with SMEFT. Consider, as a concrete example, the EFT operator
where Q and L are left-handed quark and lepton fields, respectively, i, j = 1 . . . 3 and α, β = 1 . . . 3 their respective generation indices and Λ is a generic NP scale. The flavour structure is encoded in the complex tensor coefficient [C lq ] ijαβ , which in a generic setup consists of 162 independent real entries. An attempt to constrain the flavour structure at NLO is therefore not realistic and additional assumptions in the direction of a theory of flavour are necessary. Given our experience with the SM Yukawa couplings, the two main questions that we want to address are: (i) What is the (relative) size of the individual entries in that tensor?
(ii) Are there any (approximate) relations between the entries that reduce the number of relevant parameters?
Answers to both questions can and should be provided from a theoretical and phenomenological perspective. Regarding the latter, recently there have been indications that semileptonic Bmeson decays might violate lepton flavour universality (LFU). Tensions have been observed in both b → s [3] [4] [5] [6] and b → c ν [7] [8] [9] [10] [11] [12] [13] [14] decays. At present, these are the strongest indications of non-trivial flavour structure beyond the SM. In this paper we will consider these indications as a guidance to answer the previous questions. Without further assumptions, the generic EFT power counting for dimensionless coupling constants would simply lead to [C lq ] ijαβ ∼ O (1) with no priors on further flavour hierarchies or patterns. However, when confronted with precision flavour data, in particular for quark transitions between the second and first generations, this would require very large values of the NP scale Λ, way above the current LHC reach for direct detection. In particular, such high values of Λ would not be able to explain the currently observed "anomalies" in B-meson decays.
One can adopt additional theoretical assumptions, with increasing levels of sophistication, in order to (a) set a phenomenologically acceptable power counting and (b) achieve a substantial reduction of the flavour parameters.
A possibility would be to assume minimal flavour violation (MFV) [15, 16] , where the flavour structure of [C lq ] ijαβ is related to the SM Yukawa matrices. Technically, this is achieved by treating the SM Yukawa matrices as spurions which transform under the (broken) flavour symmetries in the quark and lepton sector, respectively. In our case this leads to MFV:
where # stands for an O(1) flavour-universal coefficient, and the dots indicate higher-order terms with additional suppressions by fermion masses and mixing angles. Here we did not include any new sources of flavour symmetry breaking in the lepton sector. By dropping the higher-order terms, the number of relevant NP parameters (six, for the above approximation) is drastically reduced compared to the generic case. In the context of MFV, the NP scale could be as low as a few TeV, which matches the expectations to accommodate measurable deviations from the SM in B-meson decays. However, MFV cannot account for the present indications of non-universal lepton-flavour couplings since, as in the SM, they are highly suppressed by the lepton Yukawa couplings. A more general treatment of flavour is clearly required. A possibility is to introduce models with a full-fledged flavour structure, possibly considering particular mechanisms to break the flavour symmetries. Representative examples can be found e.g. in [17] [18] [19] [20] .
The alternative is to provide an EFT-oriented setting, more in line with the MFV spirit, by extending the number of spurions. A step in this direction was already taken in [21] , where only spurions related to quark bilinears were considered. The obvious challenges of this approach are (a) which spurions to consider and (b) which flavour power counting should they obey.
An interesting possibility to set a power counting is to adopt and generalise a suggestion by Froggatt and Nielsen [22] . They showed that by postulating a (spontaneously broken) new U (1) symmetry with generation-dependent U (1) charge assignments to each quark multiplet, one can fit remarkably well the SM flavour hierarchies, provided that a sufficient number of heavy fermions exist and that spontaneous breaking be triggered by the vacuum expectation value φ FN of a new scalar field, which happens at a very high scale Λ FN Λ. It is rather straightforward to generalise the model and include leptons. In the Froggatt-Nielsen (FN) model, flavour non-diagonal transitions are suppressed by powers of λ = ( φ FN /Λ FN ) 1 and entirely specified by the corresponding charge differences.
The FN model is a theory of flavour that generates the SM flavour hierarchies. In order to generate non-universal lepton-flavour structures in [C lq ] ijαβ the model should be modified. In the following, we pursue a simpler approach and merely use the FN charges as a recipe for flavour structure, independently of a dynamical mechanism like Froggat and Nielsen advocated. 1 If one adopts a generalised FN scenario -where both the quark and lepton sectors are chargedas a power-counting scheme, one can extend it straightforwardly to SMEFT operators. In our example, FN:
where b i X are integer FN charges, and λ ∼ 0.2 is usually associated with the Cabibbo angle. In this paper we will follow this approach and thus will not intend to build a full-fledged theory of flavour. A FN power-counting scheme for flavour hierarchies beyond the SM is appealing in different ways: first, it provides a reasonable phenomenological description of the SM flavour structure with a rather simple setup; and second, the power counting is automatically selfconsistent, in a way to be explained in the next sections. An important consequence of such a scheme is that the relative size of different quark and lepton transitions is correlated. However, there is no reduction of parameters.
In order to extend MFV it still remains to decide which new flavour structures, or spurions, to add. Taking the presently observed flavour anomalies at face value, possible NP explanations involve the exchange of relatively light new particles.
Among these, the simplest viable candidate is a vector leptoquark (LQ) usually dubbed U 1 in the literature. This leptoquark couples to the currents (Qγ µ L) and (d R γ µ e R ). In such a situation, we can assume that the dominant NP effects are taken into account by allowing for two new fundamental flavour structures, which can be systematically implemented through two spurions, along the lines discussed in [21] . Back to our example, in a U 1 leptoquark model, the flavour structure factorises as LQ+FN: 4) and is dictated by a single spurion (∆ QL ) iβ . The FN power counting dictates its hierarchical structure, which is determined by the FN charges. Notice that, as a consequence of triangle inequalities,
the individual flavour coefficients in this scenario are always smaller or equal to the ones in the unconstrained FN scenario above. This is one example of the kind of consistency conditions that one would have to require in an extended MFV approach, as emphasised in [21] . This extended MFV approach, with a new flavour spurion ∆ QL associated with a fundamental leptoquark coupling, reduces the number of (relevant) independent parameters in [C lq ] ijαβ to 9 complex entries plus one overall complex coefficient. The different kinds of theoretical assumptions discussed above together with the resulting number of independent parameters are summarised in Table 1 .
In the rest of this paper we put these ideas on a general and more systematic ground. As an illustration of the method, we consider in detail the minimally extended MFV scenario that accounts for the present flavour anomalies. Since one of the most promising setups to fit the anomalies is a U 1 leptoquark model [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] , one simply needs to consider the spurions which are associated with the fermion currents that the U 1 leptoquark is coupling to (see below). These spurions will be referred to as ∆ QL and ∆ DE in the following. The power counting is dictated by the FN charges, which are partly constrained by the CKM matrix entries and the charged lepton masses 2 . Other combinations which are not constrained in the SM will be fixed Table 1 : Cabibbo-scaling and factorisation of the flavour coefficient C lq in different theoretical approaches, and the resulting reduction of NP parameters.
from phenomenological requirements on different flavour physics observables. This reduces the number of solutions (i.e. FN charge assignments that comply with phenomenology) to 11. We examine the viability of these 11 solutions by performing a fit to relevant low-energy observables. It turns out that all the solutions have a comparable figure of merit. However, they can be distinguished if more precise measurements are performed on e.g.B s,d → τ ± µ ∓ . One should emphasise that when leptoquarks are involved, processes are not necessarily symmetric when the lepton charges are flipped. In particular, we find substantially larger predictions for
This paper is organised as follows: in Sec. 2 we catalog the spurions that break flavour symmetry assuming SM particle content. In the same section we introduce the FN power counting for quarks and leptons and summarise the existing constraints on the FN charges within the SM. In Sec. 3 we consider a simplified scenario where the spurions that act as an additional source of flavour-symmetry breaking are associated with the exchange of a vector leptoquark U 1 . We work out the resulting constraints on the FN charges following from various phenomenological considerations. In Sec. 4 we further explore the phenomenological viability of our approach, by performing a fit to low-energy flavour data, and discuss the results for a number of different scenarios that are distinguished by different FN charge assignments. Concluding remarks are given in Sec. 5. Formulae for the observables included in the fit are provided in Apps. A-B. In Appendix C we collect the FN power counting for the flavour spurions and rotation matrices for the scenarios identified through the fit.
Flavour Structure of New Physics Operators

General spurion analysis of flavour
The starting point is the maximal flavour symmetry group of the SM commuting with the gauge symmetries, namely
Here we only take into account rotations in generation space. Additional U (1) factors are not essential for the purpose of our paper and will be ignored in the following. In the SM, the flavour symmetry G f is broken by the Yukawa couplings of fermions to the Higgs field, 3
where ϕ is the Higgs field andφ its charge conjugate. Q and L are the weak left-handed quark and lepton doublets, and u, d, e the right-handed weak singlets. In the following, the chirality of these fields is implicitly understood and the corresponding indices are not shown for simplicity. The elements of the Yukawa matrices can be considered as perturbations, except for the element (Y U ) 33 which in the SM turns out to be O(1) and gives the top-quark a mass which is of the same order as the vacuum expectation value of the Higgs. In order to systematically incorporate the sources of flavour breaking, it is convenient to use a spurion analysis, where the Yukawa matrices are promoted to objects with definite transformations under the flavour symmetry, such that Eq. (2.2) is formally invariant under G f .
In physics beyond the SM, flavour structures do not need to be restricted to the SM Yukawa matrices. In this Section we will consider new flavour structures which may be associated with the exchange of new, relatively heavy, bosonic particles. This subset of structures covers typical models with new scalars or vector bosons coupling to fermion bilinears. In this work, we restrict ourselves to spurions that couple to fermion bilinearsψ i Γψ j , where ψ i are Dirac fields referring to SM quarks and leptons. We exclude right-handed Dirac and Majorana neutrinos from our analysis.
For the classification of the possible structures, what matters are the involved fermion multiplets and their chirality, such that we only have to distinguish between scalar-like couplings
which may be associated to the exchange of scalar, pseudoscalar or tensor particles, and couple left-and right-handed fields, or vector-like couplings
which may be associated with the exchange of vector or axial-vector particles and may induce left-left and right-right couplings. The complete list of spurions comprises 30 structures, which, together with their quantum numbers under gauge and flavour symmetries, are collected in Table 2 . We list the spurions coupling to quark, lepton and mixed (leptoquark) bilinears, separated by double lines. Single lines separate the spurions which come along with currents carrying trivial and nontrivial baryon and/or lepton number, respectively.
In principle, each of the spurions of Table 2 can contribute to the non-diagonal flavour structure of different SMEFT operators. In particular, if we identify the flavour structure as originating from the tree-level exchange of heavy particles, the flavour coefficients of the 4fermion operators in SMEFT would factorise as a product of the corresponding spurions, as explained already in the Introduction.
Given the indications that NP effects might already be present in semileptonic B decays, one can concentrate on the subset of operators with two quarks and two leptons. There are 10 such operators, which are listed in Table 3 . Each of the operators comes with a dimensional suppression and possesses flavour structure. For instance, the first operator in Table 3 appears in the effective Lagrangian as
and corresponds to the example used in the Introduction. Table 3 allows one to identify the relevant spurions that would be needed to generate a non-trivial flavour coefficient for a particular 4-fermion SMEFT operator. In the next Sections we will concentrate on a scenario where only ∆ QL and ∆ DE are present, which singles out the first, second, fifth and eighth line in Table 3 .
Operator Coefficient Table 3 : Decomposition of the 4-fermion SMEFT flavour coefficients in terms of spurions.
Here we did not list higher orders in the spurion expansion that could be induced by radiative corrections.
Consistency conditions and Froggatt-Nielsen charges
As already mentioned above, in an EFT approach with non-trivial flavour structures one has to satisfy certain consistency conditions. They ensure that hierarchical patterns which one assumes for the flavour structure associated to one effective operator are not spoiled by the combinations of flavour structures appearing in any of the other operators [21] . In particular, this is a necessary requirement to ensure that the flavour hierarchies are stable under renormalisationgroup evolution. For instance, in the SM the following inequality holds,
where the matrices on both sides transform in the same way under the flavour symmetry G f . In the SM, all consistency relations of the above type hold trivially, because all eigenvalues of Y U and Y D are smaller (or equal) than one, and the CKM angles satisfy relations of the type θ 13 θ 12 ≤ θ 23 . They also hold in the MFV approach, since no additional flavour structures apart from the SM Yukawa matrices appear. However, as soon as one includes new flavour structures, the consistency relations become a non-trivial theoretical requirement (see the discussion in [21] ).
As mentioned in the Introduction, an efficient way to fulfil all the consistency conditions is to use Froggatt-Nielsen (FN) charges [22] to define a power-counting scheme for arbitrary flavour structures. We will denote as b 
In this case, the above example for a consistency condition would simply translate into
which is true because of triangle inequalities. Analogous relations would then also hold for products of arbitrary flavour spurions with the flavour structure fixed by universal FN charges. For instance, in the U 1 vector-leptoquark scenario, to be further discussed below, one would consider the additional spurions ∆ QL and ∆ DE . For these the following inequalities hold
(2.9)
Notice that these inequalities are to be understood in the FN basis.
Since the FN power counting has to reproduce the SM flavour hierarchies, some of the FN charges are fixed from the known fermion masses and CKM mixing angles. Concerning the latter, the FN power counting yields
where V X denote the rotation matrices from the flavour to the mass eigenbasis for a given fermion species. Comparing this with the generally accepted Wolfenstein power-counting for the CKM matrix,
determines the FN charges b i Q up to a common offset d and an absolute sign. There are two families of general solutions:
Since in this work we only consider flavour structures that are associated with Dirac currents ψΓψ, the offset is irrelevant for our discussion. For definiteness we will set
Concerning the eigenvalues of the up-quark Yukawa matrix, we have
15)
Here and in the following, the integers on the right-hand side have to be understood as an estimate: deviations by one unit in the exponent are not excluded. The above expressions fix the charges b i U up to a 2 2 -fold ambiguity:
The same analysis for the down-type quarks yields
and, consequently,
Notice that the FN charges for the right-handed quark singlets also determine the scaling of the corresponding rotation matrices (which are not observable in the SM),
In this way, it is guaranteed that the power-counting for the NP flavour spurions does not change when rotating from the flavour to the mass eigenbasis of the SM fermions. This is another advantageous feature of the FN power counting.
In the lepton sector, the experimental knowledge of the FN charges is sparse. The masses of the charged leptons can be used to estimate only three charge differences, namely
(2.20)
Therefore, in order to comply with the SM flavour structure there is a lot of freedom left on the choice of FN charges. The different allowed combinations of charges however lead to very different predictions for NP flavour structures. This of course depends on the version of extended MFV that one selects. In the next Section we will discuss a minimal extension of MFV able to accommodate the B anomalies and then work out the associated constraints on the FN charges.
3 Extended MFV from U 1 Vector Leptoquark
As already mentioned in the previous Sections, a promising scenario to address the B anomalies without generating tensions with Electroweak Precision Tests (EWPT) or high-p T observables [40] is to postulate the existence of a vector leptoquark U 1 . This scenario has to be understood as a simplified model, which requires a UV completion. In the literature there exist a number of different proposals trying to achieve such a task, see e.g. [24, 27, 28, 36, 38, 39] . Our approach in this paper will be much more modest: we are not interested in the dynamics of the leptoquark scenario or its possible UV completion, but rather concentrate on the imprint that such dynamics could have on the flavour structures observed at low energies. In the context of SMEFT we thus use the leptoquark model as a criterium to select the relevant flavour spurions discussed in Sec. 2. Whether this approach results in a viable candidate to accommodate flavour observables can then be studied in a model-independent way. For the sake of this work, we will adopt further simplifying assumptions and only concentrate on SMEFT operators that catch the leading effects of leptoquark couplings to SM fermions. In most cases, this amounts to assuming tree-level relations for flavour coefficients that arise from leptoquark exchange, with the exception of LFU ratios for W couplings, where we take into account one-loop results (see below).
The simplified U 1 scenario
The flavour-specific interactions between U 1 and SM fermions are described by the introduction of two spurions:
With the FN power counting, the spurions ∆ iα QL and ∆ iα DE can be parameterized as
Here c iα QL(DE) are flavour-dependent coefficients of O(1). In general, these coefficients could be complex and carry additional CP-violating phases. Since we are not considering CP-violating observables in this work, we make a further simplifying assumption and take all the coefficients real in a basis where the Yukawa matrices for down quarks and charged leptons are diagonal and real. In this way the CKM matrix remains the only source of CP violation in the flavour sector.
Once we integrate out the U 1 leptoquark, we get the following contributions to the relative 4-fermion operators in the effective dim-6 Lagrangian:
4)
where Λ is an effective scale associated with the leptoquark mass. In the broken phase, the Lagrangian in Eq. The tree-level matching relations between the SMEFT Wilson coefficients and the spurions from the leptoquark couplings are easy to find and read
Notice that the relation in Eq. (3.5) is a tree-level result and, once a UV completion of the simplified model is specified, gets modified by higher-order radiative corrections. Since (3.5) is not a fundamental relation, from a bottom-up approach the weak singlet and triplet coefficients, C
lq and C
lq , should in general be treated as independent coefficients. In any case, the power counting for the individual entries is dictated by FN charges, i.e. our approach leads to definite predictions for the order of magnitude of NP effects in all possible flavour transitions which could be mediated by the U 1 leptoquark. It then remains the task to assess the phenomenological consistency of this approach. To this end we will perform a rather exhaustive fit including various flavour and precision observables.
Relevant low-energy observables
In the following, we list the expressions for the whole set of observables we will employ in the fit of Sec. 4 in terms of the effective operators at the hadronic scale, with the FN power counting made explicit. The matching to SMEFT Wilson coefficients can be found in Appendix B.
FCNC-mediated processes
The generic Wilson coefficients relevant for processes involving FCNCs are
The relations C S = −C P and C S = C P are a consequence of having a SM Higgs, i.e. a scalar weak doublet [41, 42] , while the relations between C are small, the latter condition will not be relevant for our analysis. We will comment more on the implications of these conditions in Sec. 4.
The contributions to these decays are:
where C is a short-hand notation to denote collectively the 8 different Wilson coefficients that contribute to each decay mode. This notation is also used in the next two points.
At present no experimental bounds exist for the decay modesB
The relevant coefficients in this case are:
For these modes one finds:
The contributions to R D ( * ) are sensitive to the operators O 
where f S D * (τ ) = 0.12 and f S D (τ ) = 1.5 are the integrated form factors given in [46] [47] [48] . Contributions proportional to f S D ( * ) (µ) are numerically negligible. According to our criterium of keeping only the (dominant) interference of NP operators with the SM ones, in the expression above we have neglected LFV contributions.
Universality of |V cb |
NP contributions give in general different corrections to the CKM element |V cb |, depending on the decay channel probed. For b → c ν, and denoting byṼ cb the associated correction, one findsṼ e cb
LFV contributions do not interfere with the SM and have been neglected. Furthermore, contributions from scalar operators have a m chiral suppression and can be safely dismissed.
Radiative decays
Constraints on both Z and W couplings are also induced at the one-loop level. For the Z coupling, the main correction affects its coupling with neutrinos via a top loop. Using Eq. (B.16) we find
lq , as we are assuming. For the W vertices, the corrections to the leptonic decays read
(3.28) while for the hadronic modes one finds
Constraints on FN charges
The conditions discussed in Sec. 2.2 on the FN charges can be further constrained by using the low-energy observables listed above. This procedure is clearly spurion-dependent, i.e., while the conditions of Sec. 2.2 are linked to the SM and can be considered universal, the ones that we will derive below are associated to the specific extension of MFV. An important point to stress is that compliance with flavour tests does not lead to a single solution for the FN charges. Instead, there is a family of them.
In order to reduce the parameter space, our strategy will be to use the following subset of processes to set constraints on the FN charges: (i) the universality ratios R D ( * ) , (ii) the global fits to b → s observables, together with (iii) precision tests of Z → νν,B s → τ ∓ µ ± , K L → µ ± e ∓ andB d → τ − µ + . This will leave us with a manageable number of potential solutions, which can then be analysed separately in the global fit.
Below we list the different processes. In order to set constraints on the FN charges, the phenomenological limits have been translated into powers of λ. 
Suppression of the scalar and right-handed contributions means that 
where b 3 L = 0 is excluded by Eq. (3.31). A sizeable scalar contribution to b → cτ −ν decays is known to improve the quality of fits [36, 38, 39, [49] [50] [51] . We require it to be comparable with the left-handed one, i.e.
In order to have a sufficient suppression of the scalar contribution in this channel, we would need 
which, given b 2 L = −1, singles out b 3 L = 1 as the only viable solution.
6. K L → µ ± e ∓ . The experimental limits on these modes set constraints on b 1 L . Currently the bounds require at least an O(λ 8 ) suppression at the amplitude level. This translates into
Given b 2 L = −1, the values that saturate the bounds are b 1 L = −2(+8), which we will take as our benchmark points.
Considering all the above, the left-handed FN charges are then constrained to the values get selected. Adding the constraints of Eq. (3.34), one is then left with the three following combinations for the second and third generations:
Considering the 2 3 = 8 choices for b 1 L , b 1 D , b 1 E together with the previous constraint, we are left with 24 potential solutions. In order to determine which of these solutions can better reproduce the phenomenology of all the processes illustrated in Sec. 3.2, in the next Section we will perform a fit. This will also allow us to carry a detailed examination of the individual phenomenological features of each solution.
Fit results and discussion
The fit is performed by the minimisation of the log likelihood, constructed as
where Σ is the covariance matrix, and the sum runs over all the observables discussed in Sec. 3. The statistical analysis is performed using the package MultiNest [52] for each of the 24 FN charge assignments. For the purpose of this paper we will not vary the CKM matrix elements and instead fix them to the UTFit NP fit [53] . This choice is motivated by the expectation that uncertainties on the CKM parameters will be negligible. All other inputs, e.g. masses and lifetimes, are taken from the PDG [54] . To reduce the number of free parameters in the fit, we will make a number of additional simplifying assumptions, namely where the capital coefficients C QL and C DE are taken positive.
• As observed in Sec. 3.1, the relation
does not need to hold in a spurion approach and could in principle be relaxed. However, we will assume it to be in place. The main feature is that the processes τ → 3µ, B → K * νν, K → πνν and Z → τ τ receive no corrections in that case (see the Appendix B). Note that this assumption is an intrinsic feature of the U 1 leptoquark model at tree level, which has been implicitly used in Sec. 3.
• We set the value of the effective NP scale to be Λ = 2 TeV.
All of these assumptions could be easily relaxed if more or more precise data becomes available from present and future experiments (for the prospects, see e.g. [55] [56] [57] ). For the sake of this work, we are merely interested in constraining the generic order of magnitude of the spurion entries. Of course, with the above assumptions we may actually miss FN scenarios with particularly tuned parameters.
Regarding the signs of the spurion entries, we already mentioned in Sec. 3 In what follows, we will choose c 32 QL = − C QL < 0 and c 22 QL = + C QL > 0. We have verified explicitly that the opposite choice does not significantly increase the χ 2 value. All other entries c iα QL are chosen to be positive. One also needs
in order to have a constructive interference between left-handed and scalar contributions in R D ( * ) . The sign of the other entries for c iα DE are not constrained by phenomenology and for simplicity we take them positive. The complete list of the observables used for the fit is given in Sec. 3, and the corresponding experimental measurements and SM predictions can be found in Appendix B. With the above assumptions, out of the 24 possible solutions, only 11 provide an acceptable fit, i.e. they show a sizeable reduction of the χ 2 value with respect to the SM one. The values of the charges associated with these solutions and the posterior for the Wilson coefficients are given in Table 4 . For reference, the corresponding FN scaling of the flavour spurions together with the fermionic rotation matrices from the FN basis to the mass eigenbasis are listed in Appendix C. We have explicitly checked that the 11 solutions (i) generate a b → sµ + µ − transition dominated by the left-handed operators only, (ii) do not violate the existing bounds on the B c lifetime, and (iii) do not produce sizeable contributions to b → se + e − .
As it can be seen in Table 4 , the values of C QL are rather uniform, which is due to the constraints from b → sµ + µ − data. The values of C DE instead roughly fall into two groups: for half the solutions it is rather large (between 4 and 7) , whereas for the other half it is one order of magnitude smaller. We have checked that the solutions with a large scalar Wilson coefficient have FN charges that suppress the scalar contribution to theB s → τ τ andB s → τ µ decays. In turn, the solutions with small scalar Wilson coefficients are λ-enhanced. An exception is the solution 2d, which has a small scalar coefficient to compensate for a large power-counting factor inB s → µ + e − . Despite these differences, we note that the values of all the Wilson coefficients are in the ballpark of what one would expect from power-counting arguments.
An interesting point to remark is that all the solutions have roughly the same quality of fit. The global χ 2 for each viable solution improves the SM one by approximately a factor 3. Further improvements are however blocked by the tension between the W universality tests and R D ( * ) , which is actually driving the fit. This tension is not specific of our setup but rather a generic feature of any EFT involving τ decays. Further experimental measurements are needed to clarify this interesting issue.
Despite leading to similar χ 2 values, each solution has a number of distinctive features, in the form of different predictions for the various observables. An example is showed in Fig. 1 , where the combined prediction forB s → τ + τ − and R D is illustrated for each scenario. These two observables happen to be directly correlated: the 5 solutions with large scalar Wilson coefficients give a larger value for R D , as expected, and also predictions forB s → τ + τ − close to the present experimental limit. The other 6 solutions are clustered close to the SM value. As already pointed out in other works, e.g. in [36] , a future investigation ofB s → τ + τ − is an important and complementary observable in the study of the B anomalies.
Note that all scenarios predict a value for R D within 1σ from the experimental result. Instead we find that our predictions for R D * hover in the 1.5 − 2σ range. This difference between the NP effects on R D and R D * lies in the relative weight of the scalar contributions, which enhance the former but not the latter.
Another interesting point to stress is that with leptoquark spurions one expects asymmetric predictions for decay modes with charge-conjugated final states. As illustrative examples, in Fig. 2 we display the predictions forB s,d → τ ± µ ∓ for the different solutions. These modes are particularly sensitive to the scalar contributions via a chiral enhancement. Note that our solutions consistently give larger predictions for the LFV decaysB s,d → τ − + overB s,d → τ + − by orders of magnitude. The current experimental bounds forB s → τ ± ∓ add up both modes [58] , while for theB d decays, only results onB d → τ − µ + have been reported [59] . This feature of our setup indicates that separate analyses for the different modes are very informative. Experimentally, these separate analyses are hindered by the need to distinguish B fromB in the initial state. Both Belle II and LHCb can perform this tagging, but the penalty in terms of statistics is significant, especially for the LHCb [60] . This suggests to first do an untagged analysis, as is done currently, in order to search for a signal in these LFV B decays. If a signal is detected, the next step would be to tag the initial state and assess if one of the final states, τ − µ + or τ + µ − , dominates.
Conclusions
In this paper we have suggested an EFT-based framework to study flavour processes in the presence of new physics. Our starting point is a general description of the possible bosonic couplings to Standard Model Dirac bilinears in terms of flavour spurions, which represents a natural generalisation of minimal flavour violation. The hierarchies among the new flavour coefficients are fixed by a power-counting scheme, which is defined in terms of generalised Froggatt-Nielsen Table 4 . The grey band represents the 1σ region for R D .
charge assignments for SM quarks and leptons. This has the theoretical advantage of being transparent, model-independent and self-consistent with respect to higher-order corrections.
In order to illustrate how such a framework can be used in practice, we have selected the spurions ∆ QL and ∆ DE , motivated by a simplified U 1 leptoquark model. This represents a minimal extension of minimal flavour violation able to accommodate the present flavour anomalies. Constraints on the FN-charge parameter space have been imposed both from the SM Yukawa structure and experimental limits on low-energy observables. This procedure narrows down the potential solutions for FN charges to 24, which are then studied in detail through a rather exhaustive fit to low-energy flavour observables. The fit eventually selects 11 phenomenologically viable solutions, which could be further distinguished if more precise data on leptonic B-meson decays becomes available in the future.
Rather generically, the fit is dominated by the tension between constraints on lepton-flavour non-universal effects in the couplings of the W , the ratios R D ( * ) and deviations ofB s → τ + τ − from the SM prediction. This suggests that, if the anomalies in R D ( * ) persists, a reanalysis of LFU in the W couplings is necessary to better understand their correlation. More generally, this rather generic tension is a strong motivation to improve the measurements on processes involving the tau lepton either in the initial or final state. This is already one of the goals at LHCb.
Another interesting point to stress is that spurions associated with leptoquarks have the potential to generate asymmetric predictions for leptonic decay modes of neutral B-mesons with charge-conjugated final states. Specifically, we have pointed out that all our solutions lead to asymmetries in the prediction of the LFV leptonic decaysB s,d → τ ± µ ∓ . As a result, it is important to carry out separate measurements of the decaysB s → τ − µ + andB s → τ + µ − , as well as a dedicated analysis of theB d → τ + µ − mode. This requires tagging the initial state, which both LHCb and Belle II can do. However, since tagging efficiencies are rather low, these separate analyses should be done once a signal has been detected or a very high statistics is collected.
From the theoretical perspective it would be interesting to explore whether the identified solutions for FN charges could be understood from a specific dynamical mechanism in the ■ ■ The different solutions are labeled as in Fig. 1 . On the left panel, the experimental limit is at O(10 −6 ) and accordingly is not displayed in the plot. On the right panel, the grey dashed line is the current LHCb upper limit. This includes bothB s → τ − µ + andB s → τ + µ − modes, so it is a conservative upper bound.
context of some UV complete models, potentially embedded in some GUT scenario. In this regard recent work in [23, 34] could be helpful.
The corresponding operators of LEFT (at tree level) can be found simply by going to the broken phase. To fix our conventions, we choose to work in the down-quark mass eigenbasis for the left-handed quark doublets. Regarding leptons, we adopt the charged-lepton mass eigenbasis and neglect neutrino mixing. With these conventions,
In the broken phase the previous Lagrangian can thus be recast as
where P L(R) is the projector on the left(right)-handed components of fermion fields.
B Observables
The effective Lagrangian describing a generic d j → d i α β FCNC transition reads Using the results of the previous Appendix, the matching to SMEFT Wilson coefficients reads
From the channels considered in the main text, the most stringent bounds come from the B → K ( * ) decays. We chose to constrain the NP Wilson coefficients with the output of global fits [43] [44] [45] .
Constraints from FCNCs also come from two-body leptonic decays, including LFV modes. The decay rate of a generic meson P ij = d jdi into a lepton pair¯ α β generated by Eq. (B.1) reads
(B.7) The full list of modes, together with their experimental bounds, is displayed in Table 5 .
The charged-current transitions, d j → u i ανβ , are described by the following Lagrangian
The most interesting channels for testing the b → c transitions are B meson decays. The observables driving the NP effects are the universality ratios R D ( * ) . Their expressions in our framework are
where the functions F S D ( * ) ( ) are a placeholder for the integrals over kinematics and form factors associated with the scalar contributions for a D or a D * and a charged lepton . The numerical values for their linearised forms are given in the main text.
To understand if and how well universality holds for decays into light leptons, one can compare |V cb | as extracted from electron and muon modes. If we define as |Ṽ cb | the effective |V cb | in the presence of NP contributions associated with a lepton , the universality in µ vs e mode is measured by
Contributions from scalar operators are suppressed by the lepton mass and can be safely neglected.
Finally, it is also interesting to consider the leptonic decay modes of charged B q mesons, where q = u, c. The corresponding branching ratio reads [70] . The remaining NP Wilson coefficients are generically given by
As it can be seen from Eq. (B.14), final states with different neutrino species do not interfere with the SM contribution and are heavily suppressed. We will neglect them in the following.
B.4 Modification of leptonic Z couplings
The Z couplings with left-handed τ leptons and neutrinos are modified by one-loop corrections due to the RG evolution of semileptonic operators, mostly through the top loop contribution. The leading log results have been computed in [71] and correspond to
where L t = log(Λ/m t ) and α, β are the flavour indices of the final-state leptons.
B.5 LFU in W vertices
W vertices with leptons have been tested at the permille level and constrain the structure of any NP scenario. We can study these constraints via both leptonic and hadronic τ decays.
For leptonic decays, we will define the relevant Lagrangian as
takes into account the (leading) top contribution. In order to analyze the deviations in the W couplings to the different leptons, it is common to define the following ratios
which tests tau and muon universality. Similar definitions hold for other lepton combinations. In our framework, and using the results of [71] , we obtain
Similar ratios can be defined for hadronic decays. Using the modes τ → hν and h → µν, one can build the quantity:
Since the hadronic state h consists of light quarks and must be positively charged, the valence quarks in the final state are [h] − val =ūd i , with d i = d, s. In this case, we have tree-level contributions to the decay τ → hν that are parametrised by the Lagrangian Table 7 : Experimental measurements and correlations for LFU tests in τ decays [67] .
The corresponding branching ratio for τ → hν is
where τ h and f h are the lifetime and decay constant of the hadron h.
The branching ratio for h → µν can be easily extracted by substituting h → µ and τ → h in Eq. (B.26). The ratios (g τ /g µ ) had when h = π, K therefore read .
(B.28)
The experimental values for the LFU tests in W couplings defined above are taken from [67] and reported in Table 7 , along with their correlations.
B.6 τ → 3µ
Semileptonic neutral-current operators also generate LFV decays. In particular, the → 3 decay is described by the following Lagrangian and only the leading top contribution is taken into account [71] .
In a U 1 model one finds [C (1) lq ] ijβα = [C
lq ] ijβα , so that the decays → 3 do not get contributions at one-loop order.
B.7 K → πνν
This family of decays probes s → d transitions. The relevant effective Lagrangian can be written as
(B.31) where C SM ds ≈ −8.5 e 0.11 i [72] , and
(B.32)
From [73] , we get:
where LFV effects are neglected. Within the U 1 model, these decays do not receive corrections at one loop. Similar considerations apply to K L → π 0 νν.
C Scaling of rotation matrices and flavour spurions
In this appendix we summarize the scalings of the flavour spurions and the fermion rotation matrices from the FN basis to the mass eigenbasis for the 11 viable FN charge assignments summarized in table 4.
C.1 Rotation matrices
In the FN setup, the rotation matrices for left-handed quark fields are uniquely defined by the scaling of the CKM matrix,
For the left-handed leptons (with massless neutrinos), we obtain two different possibilities, scenarios 1x : 
